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We report first measurements of the ultrafast dynamics of interfacial electric fields in semiconductor 
multilayers using pump-probe second harmonic generation (SHG). A pump beam was tuned to 
excite carriers in all layers of GaAs/GaSb and GaAs/GaSb/InAs heterostructures. Further carrier 
dynamics manifests itself via electric fields created by by charge separation at interfaces. The 
evolution of interfacial fields is monitored by a probe beam through the eletric-field-induced SHG 
signal. We distinguish between several stages of dynamics originating from redistribution of carriers 
between the layers. We also find a strong enhancement of the induced electric field caused by 
hybridization of the conduction and valence bands at the GaSb/InAs interface. 



The ultrafast dynamics of optically excited carriers 
in semiconductors is an important issue in solid-state 
physics The knowledge of processes governing the 

carrier relaxation in solids is essential for designing novel 
multifunctional high-speed electronic and optoelectronic 
devices ||. This is particularly important for MBE 
grown multilayer semiconductor structures which offer 
the greatest promise for nanoscale electronics. Quan- 
tum confinement is known to significantly affect the car- 
rier thermalization dynamics in quantum wells and 
quantum dots. || On the other hand, one should ex- 
pect that the interface between different semiconductors 
will influence the carrier dynamics even in non-quantum- 
confined structures. This is especially the case when the 
band offsets of adjacent semiconductor layers are signifi- 
cant. During the fast relaxation due to electron-electron 
(< 200 fs) and electron-phonon (~ 1 ps) scattering pro- 
cesses the electrons and holes tend to accumulate 
at different sides of the interface. The resulting charge 
separation gives rise to the interfacial electric fields which 
can, in principle, change the initial band alignment and 
give rise to interlayer transport phenomena Q|, In such 
situations, the adequate description of carrier dynamics 
should take into account both optically-induced interfa- 
cial electric fields and carrier population. 

The techniques typically used for monitoring the ultra- 
fast carrier dynamics in semiconductors are pump-probe 
transmission or reflection spectroscopy These 
methods rely on the linear response of the electron-hole 
subsystem, excited by pump pulse, to the probing light. 
As a result, they give an accurate account of the carrier 
population dynamics, while being insensitive to the in- 
terfacial fields. On the other hand, nonlinear (in probing 
light) optical methods such as second harmonic genera- 
tion (SHG) are known to be extremely sensitive to elec- 
tric fields occurring at the surfaces and interfaces 
This unique feature of SHG was employed to study the 
carrier relaxation dynamics at the silicon-oxide interface 
P-|Tl| . In particular, the excited electrons and holes were 



trapped at different sides of the interface and the result- 
ing long-time dynamics (of the order of minutes) was 
monitored by the electric-field-induced SHG (EFISHG) 
signal. Note that in such systems, the electric fields are 
fairly uniform and are well described within dipole ap- 
proximation [ fl0| |. 

In this paper we report the first measurements of 
the ultrafast dynamics of the optically-induced inter- 
facial electric fields in semiconductor multilayers us- 
ing time-resolved pump-probe SHG spectroscopy. The 
measurements were performed on GaAs/GaSb and 
GaAs/GaSb/InAs heterostructures. The crucial advan- 
tage of our technique as compared to the usual pump- 
probe spectroscopy lies in its sensitivity to spatially sep- 
arated regions of heterostructures. Therefore, the pump- 
probe SHG allows us to simultaneously monitor the dy- 
namics at different interfaces of the same sample. In par- 
ticular, by tracking the evolution of different interfacial 
fields contributing to total EFISHG signal we are able 
to study the redistribution of carriers between the layers 
due to electron transport across interfaces. Note that the 
carrier transverse diffusion on GaAs surface plane was 
demonstrated previousl y in pump-probe spatially sepa- 
rated SHG experiment ]13|| . However, to the best of our 
knowledge, the optical detection of interlayer electron 
transport in semiconductor heterostructures has not been 
reported before. 

The GaSb/InAs spatial interface is of special interest 
because of an unusual hybridization of the conduction 
InAs and valence GaSb band states jL4j. In semimetal- 
lic samples, the effect of band mixing was observed in 
an appearance of energy gaps in capacitance- voltage and 
quantum Hall measurements fill as well as in a splitting 
of cyclotron resonance peak measured using far-infrared 
spectroscopy [^6|-[l8|. In our experiment, we find that 
the band hybridization results in a strong enhancement 
of the EFISHG signal. 

We have investigated four heterostructures grown by 
molecular beam epitaxy: (1) GaAs/GaSb(20 nm); (2) 



1 



GaAs/GaSb(400nm); (3) GaAs/GaSb(500 nm)/InAs(20 
nm) , with an InSb interface between GaSb and InAs lay- 
ers; and (4) GaAs/GaSb(500 nm)/InAs(20 nm), with a 
GaAs interface between GaSb and InAs. In all samples, 
the thickness of GaAs layer was 100 nm. Samples were 
grown on semi- insulating (100) GaAs substrates. Prior 
to GaSb or GaSb/InAs deposition the substrates were 
cleaned in situ by oxide desorption, by heating to 600 
°C, after which a GaAs buffer layer was grown at 590 
°C. In deposition of the overlayers, we used 490 °C for 
GaSb growth and 450° C for InAs. 

A pump-probe configuration with linearly-polarized 
pump and probe beams was used in our measurements. 
The observed EFISHG signal was monitored as a func- 
tion of probe-to-pump delay times. All optical measure- 
ments were carried out in a liquid helium cryostat at 
4.3 K. The initial beam of 150-fs pulses from a mode- 
locked Ti:A1203 laser (Mira 900) at the wavelength of 
800 nm (1.55 eV) and a repetition rate of 76 MHz was 
split into pump and probe beams. The probe beam of 
120-mW-average power has passed through an optical 
delay stage. The pump beam, after being chopped at 
a frequency of 400 Hz, was of the same average power. 
The overlap spot of the pump and probe beams on the 
sample was 100 fim in diameter. The pump beam was 
incident normally on the sample with either p or s po- 
larization. The probe beam (also p or s polarized) was 
directed to the sample surface at the angle of 75°. The 
SHG signal was optically separated from the reflected 
fundamental probe beam and measured by a photomul- 
tiplier tube through a "lock-in" amplifier triggered by the 
chopped pump pulses. 

Figures 1 and 2 show pump-induced SHG signals mea- 
sured for a GaAs/GaSb heterostructure (sample 2) in 
comparison with those taken for GaAs/GaSb/InAs with 
an InSb interface (samples 3) and with a GaAs interface 
(sample 4), respectively. Note that the signal is observed 
only for p-polarized probe beam. Switching the pump po- 
larization from p to s does not affect significantly neither 
the time dependence of signals nor their intensities. No 
pump- induced SHG signal was observed for GaAs/GaSb 
sample with thinner (20 nm) GaSb layer (sample 1). 

The measured signals were fitted by a combined expo- 
nential rise/decay function as shown in Figs. 1 and 2 by 
solid lines. According to the fit, the pump-induced SHG 
signals taken with either p or s pump polarization for 
GaAs/GaSb heterostructure (sample 2) is described by a 
single rise-time constant trj ~ 2(±1) ps and two decay- 
time constants m x ~ 15(±3) ps and td 2 — 100(±10) 
ps. In sharp contrast, the evolution of the pump-induced 
SHG signal for GaAs/GaSb/InAs heterostructures shows 
two stages in the signal rise. The fast-rising component is 
characterized by the same rise-time constant as that mea- 
sured for GaAs/GaSb sample (r^ 1 ~ 2 ps). The addi- 
tional slower-rising component in both GaAs/GaSb/InAs 
samples has rise-time constant ~ 10(±2) ps which is 
slightly smaller than td 1 . At the same time, the decay- 
time constants for GaAs/GaSb/InAs and GaAs/GaSb 



samples are similar. 

The intensity of pump-induced SHG signals measured 
for GaAs/GaSb/InAs heterostructures shows strong de- 
pendence on the interface type between GaSb and InAs 
layers. For sample 3 (with InSb interface), the signal 
amplitude is significantly larger than for GaAs/GaSb 
structure (Fig. 1) while for sample 4 (with GaAs in- 
terface) the signal is comparable to that for GaAs / GaSb 
(Fig. 2). Moreover, despite similar decay-time constants 
for both GaAs/GaSb/InAs samples, there is considerable 
long-time (delay-time > 250 ps) constant background for 
sample 3 while it is significantly smaller for sample 4. 

An apparent presence of several stages in the evolu- 
tion of measured SHG signal together with its sensitivity 
to the interface type of GaAs/GaSb/InAs heterostruc- 
tures indicate a rather complex dynamics of interfacial 
electric fields originating from a redistribution of carriers 
between the interfaces. The induced local electric fields, 
£\(t) and £a(i) (subscripts 1 and 2 refer to GaAs/GaSb 
and GaSb/InAs interfaces, respectively), depend on the 
number of carriers as well as on their spatial distribu- 
tion near each interface at a given time. The observed 
EFISHG signal is determined by contributions from all 
interfacial electric fields. Retaining only linear terms in 
£i(t), the nonlinear polarization can be written as |||) 11 



p^{2u,t)= [x w +xi 3) fi(*) + xr^(*)J[sM] 2 , (i) 

where E(lo) is the electric field component of the incident 
probe light, x^ 1S the second-order bulk susceptibility, 

(3) 

and x\ are the third-order susceptibilities at the inter- 
faces. In general, a third-order nonlinear polarization 
p( 3 '(2w,i) at the frequency 2uj is generated only when 
the induced field £,(£) and the optical field E(uj) have 
the same polarization. In our case, only p-polarized light 
exhibits an EFISHG signal since the interfacial electric 
fields are directed along the normal to the interface. In 
fact, the EFISHG signal is not very sensitive to the pump 
polarization because the interfacial fields arise as a result 
of incoherent relaxation of carriers. Note that the latter 
is the reason for the absence of signal at negative delay- 
times which originates from coherent effects in the pop- 
ulation dynamics |19|] . The measured EFISHG intensity, 



(3). 



2uj) 



j(2u>) 



JTuj) 



which is obtained by subtracting 



the bulk contribution Jq 2 "- 1 = Ix*- 2 ** | 2 |-E(w)| 4 from the to- 
tal intensity, 7 (2a,) = \P N L (2w)| 2 , has the following form 
(after neglecting higher-order nonlinear in £i(t) terms) 



A/^ocxf^iW + xf S 2 (t) 

X 3 ) 



(2) 



The third-order susceptibilities x\ are determined by 
the energy spectrum of carriers near the two interfaces, 
GaAs/GaSb and GaSb/InAs. Usually, the electrons and 
holes at the interface are separated by several atomic 
layers and, in this case, the susceptibilities for the cor- 
responding bulk material can be used with a good ac- 
curacy ||. However, for the GaSb/InAs interface with 
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InSb bonding, the change in the energy dispersion at the 
interface vicinity is found to have a significant effect. 

We attribute the observed several stages of dynamics 
of interfacial electric fields to an interplay between relax- 
ation of carriers and their transport across heterostruc- 
tures. Because the laser light was tuned just above the 
GaAs bandgap, the electrons were excited in all the lay- 
ers of heterostructures [inset in Fig. 2(a)]. Electrons with 
high excess energies relax to the lower-energy conduction 
band states in the GaAs and InAs layers, while the holes 
are accumulated in the GaSb layer. The resulting charge 
separation leads to an appearance of electric fields across 
the interfaces. The rise of interfacial fields manifests itself 
in the initial growth of the EFISHG signal characterized 
by fast rise-time constant tr x ~ 2 ps. Note here that in 
sample 1 with thinner (20 nm) GaSb layer, the carriers 
are accumulated predominantly in the GaAs layer, so the 
interfacial fields are weak and the corresponding EFISHG 
signal is undetectable. In all other samples, the majority 
of carriers are excited in the thickest GaSb layer leading 
to significant concentration of holes in that layer. The 
induced interfacial fields bend the initial energy profile 
and, in particular, lower the barrier at the GaAs/GaSb 
interface [inset in Fig. 2(b)]. As the negative charges 
at the GaAs side start to transfer through the barrier, 
the electric field at the GaAs/GaSb interface decreases. 
For GaAs/GaSb heterostructure (sample 2), such a de- 
crease shows up in a fast decay of the EFISHG signal 
with decay-time constant td x ~ 15 ps. The subsequent 
relaxation of the interfacial electric field, characterized by 
long decay-time constant td 2 ~ 100 ps, is due to carrier 
migration away from the interface. 

For GaAs/GaSb/InAs heterostructures, the situation 
is completely different. In this case, the electrons crossing 
the GaAs/GaSb interface accumulate in the InAs layer. 
The resulting increase in the GaSb/InAs interfacial field 
manifests itself as the additional rise component of the 
EFISHG signal with rise-time constant tr 2 ~ 10 ps. Note 
that this arrival time is comparable to the departure time 
in the GaAs/GaSb sample. A subsequent relaxation of 
the interfacial electric fields is characterized by similar 
T£> 2 ~ 100 ps decay-time constant. 

A striking feature observed for GaAs/GaSb/InAs het- 
erostructures is a significantly more intense EFISHG sig- 
nal for InSb type interface between GaSb and InAs lay- 
ers than that for GaAs type. We attribute this differ- 
ence to a larger overlap between InAs conduction and 
GaSb valence band envelope functions across the spa- 
tial GaSb/InAs interface with InSb bonds ju). In this 
case, the nonlinear susceptibility x can no longer be 
approximated by a corresponding bulk expression. The 
hybridization of conduction and valence bands leads to 
anticrossing of bands dispersions which was observed, in 
linear absorption, as satellites of the cyclotron resonance 
peak. Jl6|-|l8| Importantly, the band splitting also gives 
rise to low-energy transitions across the hybridization gap 
which enhance the nonlinear response to a slowly vary- 
ing (compared to optical period) pump-induced electric 



field. On the other hand, for the GaAs type interface, 
electrons and holes are separated by several atomic lay- 
ers, so the corresponding susceptibility x*- 3 "* is bulk-like. 
Accordingly, the EFISHG signal intensities for sample 4 
and for GaAs/GaSb heterostructure are comparable (Fig. 
2). Note that the carriers are more strongly confined at 
the "thin" GaSb/InAs interface so we observe a larger 
EFISHG signal constant background due to a residual 
electric field for sample with InSb than with GaAs type 
interface. 

Finally, let us mention another possible contribution to 
the EFISHG signal. The usual description ([!]) relies on 
the dipole approximation for induced electric fields which 
applies if spatial dependence of £(z,t) is smooth. This 
approximation is standard for Si/SiO interface where 
the electric field extends over several atomic layers, and 
should also be applicable to semiconductor heterostruc- 
tures with similar interface size. The bulk quadrupole 
terms, originating from the spatial variation of the SHG 
electric field, are smaller than dipole terms and can 
be neglected |k]]. However, in the case of GaSb/InAs 
(with InSb bonds) interface, the electric field strongly 
changes on scale of a single atomic layer, so that in- 
duced quadrupole terms of the form x^V z £ (z, t) [E(ui)] 2 
should be, in principle, included in the nonlinear polar- 
ization (Q) . The available experimental data do not allow 
us to estimate the importance of such terms. 

In summary, we have studied ultrafast dynam- 
ics of interfacial electric fields in GaAs/GaSb and 
GaAs/GaSb/InAs heterostructures using a pump- probe 
SHG technique. We observed a complex evolution of 
the interfacial fields originating from the redistribution 
of carriers between the interfaces. We also found a strong 
enhancement of the SHG signal caused by an interband 
mixing at the GaSb/InAs interface. The ability of the 
EFISHG signal to monitor spatially separated regions 
makes pump-probe SHG a unique tool for studying re- 
laxation and transport phenomena in multilayer semicon- 
ductor structures. 

This work was supported by ONR and by the 
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FIG. 1. EFISHG signals from GaAs/GaSb sample (blue) 
and GaAs/GaSb/InAs sample with InSb type interface 
(green) measured with (a) p-polarized pump light and (b) 
s-polarized pump light. The fits with rise/decay exonential 
function for GaAs/GaSb/InAs (upper curve) and GaAs/GaSb 
(lower curve) samples are shown by solid lines. 

FIG. 2. EFISHG signals from GaAs/GaSb sample (blue) 
and GaAs/GaSb/InAs sample with GaAs type interface 
(green) measured with (a) p-polarized pump light and (b) 
s-polarizcd pump light. The fits with rise/decay exonential 
function for GaAs/GaSb/InAs (lower curve) and GaAs/GaSb 
(upper curve) samples are shown by solid lines. The initial 
band alignment for GaAs/GaSb/InAs heterostructure and its 
realignment due to induced interfacial electric fields are shown 
as insets in (a) and (b), respectively. 
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